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ABSTRACT

RESPONSE OF HEADWATER ARPHIBIANS TO LONG-TERM LOGGING
IMPACTS AND ASSESSING POTENTIAL FOR RESTORATION IN REDWOOD
NATIONAL AND STATE PARKS

Alyssa M. Marquez

The timescale of communitgsponse to disturbance varies drastically, and-slow
recovering ecosystems such as coastal redwood forests may take hundreds of years to
retum to oldgrowth conditions podbgging. Few studies have quantified letegm (>50
years) impacts of disturbanoe ecosystems, specifically aquatic ecosystdinis. study
providesevidence of the persistence of historical logging impa@tgears postogging
through the comparison of headwater amphibian populations (occupancy and abundance)
and stream characteriss$i using a contrereatment study with a logged watershed,
Streelow Creek, as the treatment and a pristingyaddith watershed, Godwood Creek,
as the control. The immediately adjacentgtdwth watershed acts as a reference site
because it is strikinglgimilar to the logged watershed including geology, orientation,
topography, and forest species composition, differing only in logging histeuyveyed
for the three obligate headwater amphibians in this system, whidften@ised as
indicators for weershedquality: the coastal tailed frogA6caphus tru@j coastal giant
salamandericamptodon tenebrosysand southern torrent salamandghyacotriton

variegatu3. Occupancy and abundanceheadwater amphibiamsffered between the



logged and unloged watershes] with greaterestimates of occupancy for all three
headwater amphibiarsndagreaterelative abundance @. tenebrosusn the unlogged
watershedThese results provide restoration efforts with a clear tandeth is often

lacking in restoration designs. These data provide baseline information for a Redwood
National and State Parks project aimed at ultimately restoring the legdetshed

where natural recovery has been prevented due to a combinationlgfdrigdible

geology, lowgradient streams, and excess wodeé¥pris from logging slash disrtipg

fluvial processes.
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INTRODUCTION

Disturbanceto landscapetake many forms (i.edestructiorof habitatand
climate changeandcan becharacterized asatural oranthropogenicandby theirlevel
of intensity and severityResh et al. 1988\louillot et al.2013).Thetimescaleof
communityresponse to disturbance can also vary drasticalby-recovering
ecosystems such as coastal redwood foreaistakea century or moréo return to old
growth conditionsfter logging Russell et al. 204 Historically, imber productiorwas
one ofthe most influential and widespread anthropogenic disturkaméerested
landscapesand $nce the mid19" century hasbeen oe of the major uses of forested
watershedsnthe north coast of California (Moyle et al. 2017heTimpacts of logging
practices on California watersheds have been studiedatiheasthe 1970swith a
focus on the highly erosive watershetsthe norticoast of California (Mount 1995).
Chambeiin et al. (1991) found that timber harvestingyimpact the form and function
of watersheds in many ways including: 1) altered hydrology, 2) increased sediment
delivery, 3) modified source and inputs of wood anttients into streams, 4) altered
riparian microclimate and water temperature, 5) barriers to fish and amphibian passage,
and 6) direct harm to aquatic life through the use of heavy equipbBesyite improved
regulationsthelegacyeffects ofunregulatd historical timber harvegiracticegersist in
streamecosystemgMoyle et al. 2017).

Efforts to restorelegraded watershedsnorthern Californidbeganin the 1970s

with the realization that populations of salmon and steelhead stocks vperd {(hufkin
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1996. The need t@rotect and resterthe remaining stream habitas emphasized by
the recognition thatdalthy watersheds play an integral roleha persistence of
numerous specigfmcluding humans)Nlount 1995 May et al.1999) Since the 1980s
manywatershed restoration groupave been establish@dattole Restoration Coundih
1983, Salmon River Restoration Counnill992, The Watershed Reseh and Training
Centerin 1993andMid-Klamath Watershed Coundail 2001).River restoratiorhas
continuel to be a major focus ddnd managerandNon-governmental organizatioms
northern Californiawith the Pacific Coadtaving thelargestnumber of projects and
largest investmerih watershed restoration horth America(Kondolf et al. 2007).
However, restoration efforts and managenteve focusedn the health of larger
streams that support salmonidadrarelyon smallerheadwater streamdespite thig
demonstratednportance as contributors to downstreaiata (i.e, fish) and water
guality (Moore and Richardson 2008leyer et al. 200AVipfli et al.2007, Welsh 2011).

In a typical river drainage gadwater streams (imtrittent, first and second
orderstreamsall references to stream order follow the criteria of Strahler 1&&vipose
over twathirds of the stream length and directly connect the upland and riparian
landscape to the rest of the stream ecosystem througfatisportation ofmatter,
energy, and organismbBreeman et al. 200.7Theyprovide unique habitat for a wad
range of animalgnanyof whichoccur nowhere else in the river systemd differfrom
larger streams physical, chemical anpiotic attributestherefore theyshould not be
managedn the samavay as large stream&{chardson and Danehy 200deyeret al.

2007) Differencesinclude smalker channel size, closed canopy, strong microclimate
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gradients, higher input rates of organic matter, low primary production, low (or no) fish
predation]ow flows, and a disturbance regime dominated by mass failusesdgbris
flows) (Richardson and Danehy 2006)owever, their small size makes headwater
streamdighly sensitive to disirbanceandto smaltscale differences in local conditions
(Meyeret al.2007). Headwatestreamsvarrant attention when planning stream
restoration projects or assessing watershed health becaugedhieygcritical
contributions to entire stream networks and are sensitive to disturbance.

The scientific interest in the development and applicatietofogical indicators
for assessing environmental heditks increaseih the past 40 yeaf®iemi and
McDonald 2@4). Salmonidsarewidely used as indicators of watershed health, but they
may be misleading indicatounder some circumstancé®cause umedictable
variability in salmonid populations can be introduceddnfors outside the freshwater
system i.e., because of migratory movementseiuailesandtheocean) (Welsh and
Ollivier 1998). Frost et al. 1998uggest that ecological indicators should be sensitive
enough to anthropogenstress that they respond in \gdlyataredetectablewhile
remainingstable in unperturbed ecosystems.

Compared to fish,teeamassociate@mphibiars arepotentially more rehble
indicators of watershed health because theyigtdy philopatric theyoccur in
relatively stable numbers imdisturbedenvironmentsare relatively easy to sampbmd
have specialized physiological adaptatiorakimg them sensitive tdisturbancé€Welsh
and Olivier 1998. These attributes could allow strea®sociated amphibians to indicate

disturbances in watersheds at a finer or more localized scale/ith lessvariance,



when trying to separate natuxalriability in populationdrom the effects of

anthropogenic disturbancds.addition, strearassociated amphibiaesuld beuseful
indicatorsof watershed healtbecauseheyoccurthroughout small watershgdncluding
the uppermost headwater reaches, beybeadipper range linstof salmonidsUnlike
salmonidspccurrence o$treamassociated amphibiais upper headwater reaches is not
limited by physical attributesuch asntermittent hydrology, size and depth of pools, and
blockades from cascades and waterf@lavic and Wesh 2004)

While amphibians may lack the same economic and social values as fishrehey
ecologically very important and argpically the dominant vertebratémeasured as
biomass and abundandge)many small headwater streams in the Pacific Northwest (Bury
and Corn 1988Welsh and Hodgson 2008n addition, hey have evolved in the same
streams with anadromous salmonids for esnggesting that they share simitebitat
requirements$n strean environmens (Welsh and Hodgson 2008jor exampleincreased
deposits of fine sedimentaused byimber harvest caaliminateamphibianoviposition
and refugia siteby filling intersticeqBury and Corn 1988, Corn and Bury 1989
Similarly, establishmat of salmonid redds and hatching success of salmonid eggs can be
negatively affected byedimentation of gravel be@eschta 197&licks et al. 1991
Thus, thepresence of headwater amphibiamsyindicate the ability oftributary
network tosupport salmonids and other biota living destream Welsh and Hodgson
2008. Althoughsalmonids are important componeatstream networks and are often
the primaryfocusof stream restoratioprojects focusng on benefitsto fish alonemay

not propery measure the success of restoratitatkson 2003especially in small



headwater stream#/hen defining habitat quality in small headwater streams,
comparisons with fistbearing streams should not be used, and instabitiat quality
should be determined ltlge habitat needs and preferencéamphibians and
macroinvertebrates, which compribe top trophic levels in headwater stregdeckson
and Sturm 2002)Jsing amphibians as indicators of restorapotential orsuccess could
providea more reliable and comprehensive representation of watershed conditions.

Redwood National and State Pa(RINSP) in Humboldt County;alifornia,
initiated a watershed restoration program in Redwood Creek in RS8R 1999Madej
et al. 2008. The parkshaveemployed various restoration efforts includmegegetation
of previously logged areas (Madej et al08Panda massive programmatremoved~
425 km of roadshrough a range of techniques (abandonment to full recontouwvittgh
the park boundaries (Seney and Madej 20dBever.the use of headwatamphibiars
to design restoration projects monitor restoratiosuccessas been minimaWhile
research has beeonducted on headwater amphibians in the Redwood @Gratekshed
(Welsh and Ollivier (1998), Ashton et al. (2006), Cannata et al. (2006), Madej et al.
(2006) and Wilzbach (2016)nhobaselinedataareavailableon headwater amphibian
populationsat the site oR N S Phéxsplannedwatershed restoration projeethich will
take placen the Streelow Creekvatershed

Currently RNSP aren theinitial stagesf a restoration project designed to
ultimately restorg¢he Streelow Geek watershedwhich wasdegraded byistorical
logging practicesto pre-logging conditionsThe Streelow Creek watersheds heavily

logged between the late 1940s and early0$9@/ilzbach 2018. Logging in this



watershed employedhtber harvest practicdgghly detrimental to aquateccsystems
includingclearcutting along the stream, tractor yarding in streams, and construction of
roads, skid trailsand landings in the riparian zon@est 199%. Logging in the Streelow
Creek watershed ceaserlli968when theRedwood National Park was established
(RNSP 1999)However, mpactgo aquatic ecosystenfiom unregulated logging ithe
StreelowCreekwaterfiedwere amplified due to floodpérticularlyin 1955andL964)

that caused widespread erosion and sediment@tiadej 195).

Since logging ceased in the Streeloveekwatershedno replanting or thinning
of the secondjrowth foresbccurred RNSP 200Y. Water quality is assumed to have
improved because soils should have stabilized with reestablishment of forest vegetation,
particularly along strearaides(RNSP 200Y. However, desp#50 yeardor natural
recovery the StreelowCreekwatershedemains largely in a degraded statenpared to
adjacent tributarie@Nilzbach 2016) presumably s aresult of the watershésl highly
erodible geologythepredominately low stream gradiepgsd continued input from
unrestoredsource area@Cannata 2008/Nilzbach 201% In addition,excessivdogging
slash in the form of coarse woody debris (CWD) eerdainingroads and skid trails
appear to havdisrupted natural fluvial processeapecifically the transportation of
sedimen{pers obs).

Frequentlyrestoration efforts are hampered by lacknédrmation onbaseline
conditions, ands a resulihadequate determination thfe desired future conditions
towards whichrestoration efforts should be direct@thtional Research Council 1992

In addition, it isoftendifficult to performecological experimentat large spatial scalgs



soland managersften rely on observation, inference or models to gthde
understanding ad systen{Resetaritand Bernardd998. However,in this casean
immediately adjacentnloggedold-growthwatershedGodwood Creekprovidedan
unusual opportunity for eetrospectivepairedwatershedtudy desigro accuratdy
assesimpacts and appropriate restoration goals fodéggradestreelowCreek
watershed.

Godwood Creek watershed is anloggedld-growth watershed that liés
Prairie Creek Redwood State Parkmediately adjacent to Streelow Crdélgurel).
Besides its logging history, Godwood Creek is very similar to Streelow, including
orientationdrainage sizestream gradienthannel form, topography, geolggnd foest
species compositigrall of which are factors thaaninfluence the occurrence of
headwater amphibians watershedsnthe north coast of California (Diller and Wallace
1999,Adams and Bury 2002Thegeomorphologicasimilarity betweerStreelowCreek
and Godwood Creek watershgaesents an opportunifgr inquiry into what stream
habitatconditions andtreamassociate@mphibian populations were in the Streelow
Creekwatershedrior to logging andto assesshanges caused by histoligging
activities A comparison of theteeamassociated amphibian populaticargd their
associated habitat characterisiitshe StreelowCreekand Godwood Creek watersised
can be utilizedsan indicator of watershed healdr ecological disturbancdhis study
will also provide a method foguantification ofthe effects ofhistoriclogging in the

Streelow Creek watershed.
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Figurel. Map showing the two sample tributaries, Streelow Creek (logged) and
Godwood Creek (unlogged). Paired tributaries are markéed 1



Objectives

My overarching goalfor thisresearctwereto provide RNSP with a more
comprehensivenderstandingf the Strelow Creek watershgtbgged)andto provide
crucial preproject basdine dataon headwater amphibians and their associated habitat
characteristicprior to carrying out restoration of Streelow Cre€ke dategenerated
will also provide insight into th@otential foramphibiarrecoveryin Streelow Creek
following habitat restoratianro achieve thsegoals | addressed two key research
guestions

First,| assessed how past logging practices have altered amphibian
populations and theassociatethabitatcharacteristicthrough comparisohetweerthe
StreelowCreekandGodwoodCreek vatershed If effects from logging persist ithe
Streelow Creek watershed, | expastto find differences in the abundance, distribution
occupancyand baly conditionof headwater amphibians between the watersheds.
Specifically, | expected to fingreateroccupancyabundanceand body conditiomdices
(BOCI) andwider distributionof headwater amphibiams the unloggedodwoodCreek
| alsoexpeckdto find differencesin stream habitat characteristics between the
watershedsincludinghighersedimentoverand lowercoarsecoverin Streelow Creeklf
watershed characteristics (j.drainage sizeorientation stream gradienthannel width
are sinilar between the watershedsis could suggest that substantidferences in

amphibian populations and their associatgdeamhabitat characteristics are likely a
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result of differences in logging histories and not inherent differences between the
watesheds.

Second, because a substantial amount of the amphibian poputatigieve
been lost at Streelo@reek | determined locations eémainingpopulations of
amphibians and the associated condition of their haBbitetse data cdme used to
identify areas best suited for future restoratarmdas a baselint assesshe success of
futurerestoration efforts-or example, sites near source amphibian populations may
present high potential for restoratjamhile immediateareas with remnant amphibian
populationamay be poor locations for restoration actions given the risk of the loss of

individuals or even populations.
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STUDY SITE

This retrospectivereatmentcontrol study was conducted RNSP, inHumboldt
County,northwestern CaliforniaRNSP consists of Redwood National Park and three
state parks (Prairie Creek Redwoods, Del Norte Coast Redwoods and Jedediah Smith
Redwoods), which together protect the largest contiguansisf ancient(primary)
coast redwood fore$RNSP 1999)The study sites were in tiirairie Creek sulbasinof
Redwood CreekFigure?2). The Prairie Creek subasinis afourth-order tributary that
runs for 20 km almost entirely within the boundarieRbISP(Cannataet al.2006).
Prairie Creek is the largest of the Redwood Creek tributaries, entering bugskmam
from the mouth{Wilzbach 2016).

A completedescription of the climate, vegetati@ndgeology of Prairie Creek
subbasinis provided by Sparkman et al. (2014#hich Isummarizehere The climate is
mild due to its low elevation and proximity to the Pacific Ocddme mean annual
precipitation is 177 cm and most rain falls between November and MReak.flows
occur duringwinter, as summer discharge is noteted by snowmeliTheremaining
portionsof old growth forestare dominated byhe coastalredwood(Sequoia
sempenérens. Other tree species found in the watershed inclBitka spruceRicea
sitchensi}, tanoak Lithocarpus densiflorys madrone Arbutus menziegii big-leaf
maple Acer macrophyllum California bay laurelmbellularia californicg, and red
alder @Inus rubrg. The understory consexd of salal Gaultheria shallol, sword fern

(Polystichum munituredwood sorrel@xalisoreganan, rhododendron
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(Rhododendron macrophyllymrazaleaRhododendron occidentalend huckleberry
(Vacciniumspp.). Most othePrairie Creek subasin including where Streelow and
Godwood Creek watershgds underlairby the Prairie Creekormation(Cashman et al.
1995). This formatiomas distinctively sharp ridges, steep canyons, a trellis drainage
pattern and isharacterized bweakly-consolidated shallow marine and alluvial
sediments (and coarse alluvial sequences) paa to be remnant of the lowermost
reaches of the ancestral Klamath River (Cashman et &).1848 Prairie Creek
watershed is considered to have some of the highest uplift and seismic activity rates in
North Americabecausehe entire watershed situated on a tectonically active and
geologically complex are@@parkmaretal. 2014) Three major faults cut through the
Prairie Creek formation including the Grogan, Lost Man, and Sulfur Creek faults
(Cashman et al. 1995)hehighly erodiblegeology weakly consolidatedoils, high
precipitation, andteeptopographyof the Prairie Creek sulbbasin (Cashman et al. 1995)
exacerbatthe erosional processcreaing the potential for high levels of fine sediment
(Cannateet al.2006.

This study was limited to two of the western tributaries of the Prairie Creek sub
basin, Streelow Creg{ 0T 421871 4554349 and Godwood Creefd0T 413753
4579767 (Figure 2) In Streelow Creek,sveys were conducted in the North Fork
becausé¢he drainageize andorientationwere most similar to Godwood Creek. In
addition, persistent impacts from past logging practiegs most evident in the North
Fork of Streelow(pers. obs). For conveniencea\orth ForkStreelow will be referred to as

simply 6Str eel owbo isthbsisPriorgoHogging, Sttebleav waseas t o f
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redwood dominated forest, but after logghegforestaround Streelowas a dense stand
of second growtltoast redwood, Douglds (Psaidasuga mengesii) andwasdominated
by Sitkaspruce(RNSP 200Y. Streelow drains around 3 kmith old-growth trees
making up less than 14% of the forest (Wilzbach 20&6wood Creek is a coastal
redwood dominatedatershedhat drains 4.6 kménd<1% of this aredhas been
previously logged (Wilzbach 201&or simplicity, | will refer to Godwood Creek as
dGodwoodhereafterBoth watersheds have gentle gradients at their heads with broad,
flat-floored valleys that provide habitat for anadromous sal(@amnateet al.2006).

The most distinctive difference between the two watersheds is their logging history.
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StudySpecies

Redwoodforested watersheds in north&2alifornia have three obligate
headwater amphibian speciéise Coastal Giant SalamandBidamptodon tenebrosys
the Southern Torrent Salamandehyacotriton variegatysand theCoastal Tailed Frog
(Ascaphus trugi(Nussbaum et al. 1983). All threetbiese species require yaaund
cold water for completion of their egg alaival cycles Nussbaum et al. 198andare
sensitive to impacts from logging such as increased sediment loads (Welshiaied O
1998)

Dicamptodon tenebrosus

Dicamptodon terferosusare one of the four closely related species in the family
Dicamptodontida¢Stebbins 2003)Thar rangeextends fran British Columbia to
northwestern Californi@Bury and Corrl983) andthe speciesccussin both aquatic and
terrestriaimorphs (Nussbaumt al.1983).Dicamptodorntenéorosushave a complex life
history, wheresome aquatic larvae do not metamorphoseterrestrial adultsand
insteadeachadult sizeand become sexually matuvehile retairing their larval
characteristicéi.e., paedomorphosigNussbaum et al. 1983)hose individuals that do
metamorphose areot tied to stream channels and can trévedy distances fronstreams
(Johnston and Frid 20D2

The larval period lastanywherefrom 2 to 6 years [Ceonard et al. 1993¥uring
whichthey feed orawide range obrganismsincludingfish, invertebratestadpolesand

otherD. tenebrosugNussbaum et al. 1983, and Parker 199#igyoccurin a variety of
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streams, ranginfrom headwate(first-order)streams down through larger filearing
(fifth-order)streamsbut aremorecommonlyfound in firstorder streaméWelsh and
Hodgson 2008 In small streamsheyare the dominant vertebrate predator ezual
comprise over 95% of the predator biomass (Murphy and Hall 19B&y. occupy a
wider range of habitathanA. trueior R. variegats and have a much broader
temperaturgolerancgBury and Corn 1988WNelsh and Hodgson 20p8ncreased
abundance dD. tenebrosusan beassociated with large woody debris, coarse substrate,
andstreamgradient butthe effect that these variables havdorenebrosusaries(Bury
and Corn 1988, Corn and Bury 1989, Welsh and Hodgson 20@8hey are often
considered a habitat generalist (Welsh and/(@r 1998)

Ascaphus truei

Ascaphugruei areone of two membersf thefamily Ascaphidae, which is the
mostbasal clade ofxtant anuran famés(Ford and Cannatella 1993nd they are listed
as a species of special concern by California Department of Fish and Wildlife (CDFW)
They are endemic to and occur throughtbie Pacific Northwest from sea levelhigh
elevations neaimberling and their occurrence in streams often overlaps with the upper
limits of some salmonid species (Nussbaum et al. 1288aphudruei often do not
occur in the uppermost headwateaaiees as dBR. variegatussuggesting tha. trueiare
more likely to be influenced by the indirect cumulative effects of logging practices
(Diller and Wallace 1999). Reports on the effects of logging.anueipopulations vary
(Corn and Bury 198Diller and Wallace 1999ackson 2003Vahbe and Bunnell

2003) but, larvalA. trueiare associated with higher gradient riffles and coarse substrate,
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and do not occur in stream sections that have been impacted with high levels of fine
sedimentCorn and Biry 1989 Diller and Wallace 1999 Adults can move through
adjacent forested areas between streams (Wahbe et al. 2004), whereas larvae have
relatively limited vagility and live most of their lives in or immediately adjacent to a
relatively short reach aftream Matsuda and Richardson 2Q@urkholder and Diller
2007).

Tadpoleshave an enlarged oral disc tliman adhesive suckdike structure
which enables th@ to adhere to rocks in faibwing streams and to scrape diatoms from
rocks (Metter 1964).n northern Californigtadpoles have a larval period between one
and two years (Bury and Adams 199%allace and Diller 1999)equiting permanent
rocky streams that are cool and wetlygenated yearound (Vlaming and Bury 1970
Corn and Bury 1989). Regdless of the length of the larvaériod larvae innorthcoastal
California typically metamorphose during late summer low flows (Diller and Wallace
1999).Burkholder and Diller (20079uggested a biannual reproductive cycle

Rhyacotriton variegatus

Rhyacdriton variegatusareendemic to the Pacific Northwest and occur in
coniferdominated forests in coastal ranges from northern Oregon to Mendocino County
in northern CaliforniaGood and Wake 1993tebbin2003. Rhyacotritonvariegatus
arethe southernmost member of the family Rhyacotriton{@eod and Wake 1992)nd
arelisted as a species of special condgyrCDFW. Rhyacotritonvariegatusarepatchily
distributed in forest seeps, headwater sprifigg;order forested streams and aldhg

margins of larger streams (Welsh and Lin@@Nussbaum et al. 1983tebbins2003,
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Tait and Diller 2006). Thetend to be found in thiaterstices of substrate and under
moss and organic debri&¢od and Wake 1992eonard et al. 1993Rhyacotriton
variegatushavea relativelylong development time, with the time from egg to
metamorphosis taking-2.5 yearqTait and Diller 2006)While the larval formbreathes
througha combination of cutaneous respiration gilid andis entirely aquatic, the adult
form is capable of upland movememtdcanutilize moist riparian and forested areas
(Nussbaunet al.1983. However,R. variegatusadultsoftenoccurin the sametream
habitatas larva (Nussbaunet al.1983,Tait and Diller 2006)

Rhyacotritonvariegatusare associated with higitreamgradiens (Diller and
Wallace 1996), low sedimentation (Welsh antiv@er 1998), coarse substrate, forested
canopy cover >80% (Welsh and Lind 1996) and awéder temperature®(ller and
Wallace 1996Welsh and Lind 1996, Corn and Bury 198Bg&causeR. variegatusccur
in a relatively narrow range of physical and microclimatic conditions, ey behighly
vulnerable to direct impacts from timber haryssich as excessive canagynoval or
sediment deposits from heavy equipmemeration(Bury and Corn 1988; Corn and Bury
1989; Diller and Wallace 1996). Populations may be slow to recolonize after a
disturbance such as logging becaustheir patchy distributiomndlow rates of
population growthdue toprolonged larval periods and low fecundity rates) (Tait and

Diller 2006).
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METHODS

This study was designed asetrospectiveéreatmentcontrol study using a mid
seral stage watershed degraded by past logging praiceslow, as the treatment and
a late serapristine watershe{lGodwood, as the control implemented a stratified
random survey approach within the stream channels to assess the impacts of logging on
amphibian populations and their habitat. The prodpo of the stream reaches surveyed
and thesurveyprotocol varied intraand inter watersheddue to the differences in
fluvial processes and proportion of exposed channel among the tributaries and mainstem.
Published potocols are based on streams valbivious pool riffle delineations and easily
accessible channgBiller and Wallace 199 Welsh and Qivier 1998) whichwasnot
the case in theseatershed, and requiredhodificationof existing protocols

| defined two channel types, tributaries and mainstem channels, based primarily
on differences in fluvial processes and the resulting channel morpholdgigstem
channelsverethird-order channels of theatershedsurveyedthesewerelower gradient
(0-1%) andhadrelatively wider channels, with a more obvious poffle delineation
than tributay channelsTributary channelsverefirst- andsecondorderchannels thatan
into the mainstem of eaatatershedTributary channeldendedto have steeper gradients
(>5%) towards the headwaters, more confined charaedstenédto be influenced by
colluvial inputs more than by fluvial processessulting in ambiguous poaiffle

distinctions. The headwater portions of tribytehannelsn both watersheds teedto
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run subsurfaceor wereburied under mass amountslafge woody debrignakingthe
channels inaccessible for surveys.

| surveyedhe mainstenandfour tributariesin the control and treatment
watershedgFigure 1) | selectedhefour tributaries in each watershed pairing
tributaries that hadimilar drainage size, aspect, geology, gradient and shaplected
these geomorphological variables because thayaffect the presence and distribution
of strearmassocated amphibians (Diller and Wallace 1996, Adams and Bury 2002).
used a stratifiedandom approach to delineag200-m reacheghroughout the
beginning, middle, and end of eattainstemchannel In the tributaries| surveyed
throughout the entirety @fach of thesightreachegtotal tributary lengths rameglfrom ~
0.3 to ~1.5 km). Tributary surveys began at a random point wathin of the confluence
(with the mainstem) and continued into the ugpeEadwaters until the tributary channel
could nolonger be identified.

| conducted field workvith a 24 person crew fron22 Mayi 31 August in 2016
and from6 Julyi 9 Augustin 2017. Due to higher summer flow rates in 2Q1delayed
surveys until early July when the flows were comparable with sum@id fows.|
utilized flow recordings from gaugeat the mouth of Redwood Creek ttiematewhen
flows were comparabl@gJSGS2017). | collected data fomio seasont characterize
inter-annual variation

Surveysin mainstem and tributgmreachegonsised of four main components)
mapping, 2) habitat sampling surveys, 3) amphibian surveys, and 4) systematic stream

samples (SSSMapping surveys were conducted continuously throughout the watershed,
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habitat sampling and amphibian surveys were condweitdh the samerea
constrainedinits and SSS were conducted every 50 m along the charemeperature

and flow measurements waaksomeasuredhroughout the watersheds.

Mapping

The goal ofmappingwas to create eontinuousprofile of habitat characteristics
that could be used to test for differences betwiteselowandGodwood To create this
profile, | measuredwo variableschannel type and wogddebris while walking
upstream throughout the entirety of each mainstem and tributary teacbrded the
locations of these variables as thstancgin m) from the beginning of the rea¢hlways
the most downstream portion).

Channel typavas divided into four categoriespen, subsurface, burigor
pocket.l recordedhe length and locatiofstart and end)f each channel typenless the
section was less thami. If waterwas presenin the channel and a surveyor could access
the channel to perform a habitat or amphibian surveysdrideedt he channel as
(Figure 3. In mainstem reachesfurthercharacterize@pensectiors as eitheslow-
water (SWor fastwater (FW) and recorded the start and end of each se(figuare 3)
Slow-watersections wereomposed opools, runs, or slack wat@figure 3a), and FW
sectionswvere composed offfles, cascades or any are@h noticeable surface
disturbancdFigure 3b). To ad in stratifiedsample unit delineatiofor amphibian and
habitat surveysSW and FW sections were divided into roughimbinits and everyhird

5-m SW and FW unit was flagged and samdi@dhabitat variableg¢see sectiotabitat
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Sampling Survey In tributary reaches, open sections were not further characterized as

SW and FWHue to ambiguous poaoiffle distinctions.

Figure3. Exampledrom study site showing) a slowwater (SW) section in Streelow
Creek(logged)andb) a fastwater (FW) section in Godwood Cre@knlogged)
Both pictures al so (wdteovaspreserdintheschanrtel t ype
and a surveyor could access the channel to perform a habataiphibian
survey).
If all or part ofthe channetlisappeareffom view, it was designateds either
subsurface, buried or pockand the start and emd each sectiowas recorded
described t he c hfthedhahelisappeadked ambnaingwateacou 6 |
notbehead below the surfacdf the channetlisappeagd but flow could still be heard

below the surfacd,describedthe channel a8 b u r(e.ge dei@se amounts of wood

covering the channahadeit inaccessible fosurveying (Figure 4) And lastly,channels
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were designated p o cifksebsudface sections were frequently interspersedl@gth

thanl m sections obpenchannel

Figure4. A section of a mainstem reach in Streelow Cigagged)that was
characterized as 6buriedd channel . Wate
photqg but the channel is inaccessible for surveys due tatgenumberof
downed trees.
| recorded th@amouwnt andsizeof all in-channel wooy debriswith a diameter

>15 cm(measured at the thickest part of the wood pieod)a length of >in. | divided

woodinto two categoriedarge woody debris (LWDJr spannes (SPAN), based on the

impact he woodhadonthe fluvial processfahe channell described WD as any piece
of downedwood within the bankfull that had the potential to affect the fluvial process

(i.e., within bankfull) of the streanchannel Wood typeSPAN spanned thwidth of the

channel and didot appear to affect the fluvial process of the strédortherdivided

LWD and SPAN into size classes based on length and digroategorizing cameters

assmall=15-30 cm, medium= 30-50 cm andlarge= 50+cm;and length ashort= 1-6

m andlong> 6 m.| did not record thexact location of each piece of wobecause of
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theexcessivamount of timaequired,and instead recorded the toamhount of specific
LWD and SPANsize classewithin every FW or SW unit in the mainstem reaglogs
within every 50m in the tributary reachesonly recorded wood inpenchannel

sections

Habitat Sampling Survey

Mainstemreaches

Habitat sampling surveys were placed into roughitg Gnits within SW and FW
sectionqunits varied betwee8-6 m depending on length @ach FWor SW sectior).
For example, a 2tn FW section would be made up26-m FW units(Figureb). At the
beginningof each mainstem reachrdndomly chose to start surveying first, second,
or third FW or SW unit and thesystematicallysurveyed every3FW or SW unit. If a
survey unit occurred in an area that was obstructed by objects simWmedwood that
made surveying difficult or dangerousnoved the unit to the next closest SWFW
unit.

FW Section (13 m) SW Section (6m) FW Section (5m) SW Section (10m)

\ |

FW | | Ew SW FW SW L sw

(Smunit) | (Smunit) | (3munit) (6m unit) (5m unit) (5m unit) i (5munit)

Figure5. Diagram demonstratg the sampling layout in mainsterachesvherefast
water FW) andslowwater W) sectionsverefurther delineated into
approximately &m sections and every®FW and SW unitvereflagged and
sampledbolded units represent sampled unikte the differences in unit
lengths due to differences in section lengthghis scenario the®IFW and tke
3'9SW units were randomly chosen as starting points.
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At each habitat sampling uniplaced start and end §ging (marked with the
unit number}o provide a visual boundary for the surveyor andllimv meto return to
the exact location to conductpeatsurveys | recordedhe lengthof the survey unit, the
location and the unit typéSW or FW). | alsomeasuredhabitat variables at &oss
sectionssetacross thavidth of the channell placed the firskample crossection in the
middle of the unit and the la&tcrosssectiongn the middle of the first and second half
of the unit.

At each crossection | recordedwetted width (cm)width of thestream channel),
depth &t ¥4, 2, and % of the wagross each crosectior), overhanging cover (total
linear length of living or dead vegetation and bank cover upti@tove the water line),
unit gradient(®) andsubstrateover(clay, fines, sand, gravel, pebble, cobble, small
woody debris and LWD). lecorded substratmveratevery 2 decimeters along the
crosssections using@ classification of substrate particle s{meodified fromCummins
1962) | avoided surveyor bias of substratwerb y usi ng a fAblind toucl
where the surveyor placadinger on the substrate directly belaypointwithout looking
at the substrat&ubstratevas measuredong the shortest axisrecorded theinit
gradientwithin each unity placing arripleMag digital levelbevel gaug®ntoa
collapsible 3m paintingpolethat was held parallel to the water surface angle

Tributaryreaches

| systematically conducted habitat surveys with the goal of surveying one unit

every 50min tributary reachedf stretches ohon-openchannel exteretl for longer than



26

50 m, thisresuledin a deficit ofunit surveys. Whenpenchannelwas reached
conducted consecutiwmit surveys until reached an average of 1 survey/50 m of stream
length This protocolresulted ina nearlycompletesurveyof the exposed channiel
reaches with high amounts of subsurface, buried and pocket seStiorsy unitswere
between 23 m long (no less than & but preferably 3nin length) and the start of the
unit was placed at exactly B0 Just as in thenainstem reached)d start and end of each
unit wasflagged,and the samprotocolwasutilized for habitat surveys.
Seeps

To generally characterize segpgathered subsitecoverevery 10m or
wherever &R. variegatusvas foundlf seeps were less than 10 nméasuredubstrate
coverat a random distandeom the start of the seepmeasuredubstrateeoverwith a
15 X 15cm metal grid with 5 cm meshquantified the substrat®ver(same as
mainstem and tributarigsat each grid crossection, resulting id2 substrate
measurement®iller and Wallace 19961 also characterized the overall gradient of the
seep by takingradient measurements at each obvious slope chengthe same

technique as in the mainstem and tributaries

SystematicStream Samples

| usedSystematic Stream Samples (S8&&juantify similarities invatershed
morphology betweeBtreelow and Godwood o documentvatersheanorphologiesl
conducted an SSS every Blalong mainstem and tributary reachregardles# the

stream was open, subsurface, or burkdceach SS$ measuredalley-slope, valley
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width, canopy covestream gradienend anadditional habitat sampling survdfan
SSS survey randomly occurred at a bunedubsirfacesection,l did not conduct a
habitat sampling survey or record the stream gradient.

| recorcedtheslopegradient(®) of each valleyslopeusing a clinometel.used a
50 m measuring tapand a rangefinddo quantify valleywidth, whichl defined as the
sum of the perpendicular distance from the middle of the stream to where there was an
obvious increase in slopkestimateccanopy coveat each SSS withconvexspherical
densiometeread at the four cardinal directions from the middle of the chanael.
reduce recording overlap caused by the curediéctive surfacgl followedthe Strickler
(1959 methodwhere 79 of the 96 dotgere covered to leave a wgel shape of 17 dagts
andthe number of points in the wedgbaped area thatascovered by canopyas
recorded aeach cardinal directioh.measured stream gradient with a clinometer by
measuring to@other surveyostaged at least 1 away This methocdcharacterized the
general gradient of the stream channel, differing from the unit gradients gathered in the

habitat sampling surveys that only captured the gradient of the specific sample unit.

AmphibianSurveys

D. tenebrosusndA. trueisurveys

Amphibiansurveys were primarily focused on the larval stagd3. ¢énebrosus
andA. trueibecausdarvae are closely tied to stream channels, whi¢amorphosed
adults are not. dult stages of bothpeciesvere encountered artldeir presence was

recordel but not used imnalysesSurvey protocd for D. tenebrosusandA. trueiwere
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the same in mainstem and tributary reaches@okiplace in the same units as habitat
surveysl conducted amphibian surnelyefore taking habitat measurenmeiulowing a
light-touch sampling techniqua type of visual encounter search where a surveyor
searches the streambed and um@dsilymovable objects on the substrate surfatayes
et al. 20@). This lighttouch methodeduced thelisturbanceo the amphibians antie
streamandrequirell ess ef fort (per uni-rntowmgiemg 6 ttheamh it
where all moveable substraige., rocks, boulders, and woody debris) are removed from
the stream bed and placed on the adjacent bank (Bury and Corn 1991 eQaii. 2007)
Furthermore, this lightouch methoallowed me to survey more units while still
conducting rpeatsurveys and haseen used for surveying long stretches of streams
where amphibian populations are patchily distributed (Quinn et al)2007

Each surveyvas startedn the downstreamnit endto avoid increased turbidity
therebypresening visibility in the survey unitSurveys were areeonstrained and were
considered complete once thieserveihadsurveyed throughouhe entire uniand unde
all moveable substrafer animals.Surveys lasted fror3-60 min with longer surveys at
units with wide channels, high complexignd large amounts of coarse substrate where
animals could hide in the numerous interstidesdecrease the probability of double
counting individuals and to allow for further measuremdrdattempted to capture every
animal that was detectelliring theinitial survey (% capture fdD. tenebrosus 0.50;
capture forA. truei% = 0.76; % capture fdR. variegatus= 0.60).

Surveys were conductedith onepersonstanding outside of the channel

recording dataand one persan the channel searching for ampiains The recorde
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documented the start and eimde of each survey and the tirte-detection (minutes after
start of survey) for every animal detectadhether it was caughthe inchannel
surveyor useaviewing bucket and aquarium netuisually seach aunit andto capture
amphibiansViewing-bucketswere maddrom 5- or 3-gal bucketswith plexiglass
bottoms(larger buckets were used in mainstem reaches and smaller buckets in small
tributaries) In slow-water SW) sections surveyorsvalked slowly through the channel
usingaviewing bucket to see the channel bottom while simultaneously turning over all
movealte objects (coarse woody debris, cobbles, and small boulders) that were not
embedded in the chann®&/hen an amphibian was detectdte surveyor used the
aguarium nets to scoqp any amphibianseen on the channel bedtbat had beame
dislodged while wgerturning objectsin fast water FW) sectionsthe surveyoemployed
a techniquevhere in addition to utilizing the viewing buck#te surveyoheldan
aguarium neimmediately downstream of an area of the stream bed they had lightly
disturbed with theihand. The surveyor used the aquarium net to chsbbdged animals
being carried downstrearndid not use block nets becauxfdhe overall lowgradient
andflow of thewatersheds

All capturedamphibians were carefully placed iplasticbag filled with cold
stream water and placed in the shade until the end of the survey. Substantiallp larger
tenebrosusvere placed in separate bags to eliminate the potential for predation on
smallerlarvae. | measured the snoeuent length (mm(from thetip of thesnout to the
middle of the cloaca) faall captured. tenebrosusind the total length (mnfrom the

tip of thesnout to the tip of the tail) for all captur@dtruei All animalswere measured
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to the closest millimeter with a plastic ruleside ofplasticbags.Additionally, |
recorded weights of all animals caught during2B&7 field seasoso | could calculate
body condition indexes (BOCI). BO@te body mass measurements that have been
corrected for body size (body mass/bddggth) and are thought to indicate the health of
an individual (amount of energy reserves) (Welsh et al. 2008). Animals that inhabit a
low-quality habitat may have lower BO@iroughphysical stressebatredue foraging
success (Welsh et al. 2008)yecordedwveights with a 3@ Pesola scal® the closest
tenth of a gramAnimals were weighed iplasticbags and the weight of the bag and any
excess water was subtracted from the final welglhanimals were immediately placed
back into theechannelaftermeasirements were taken

| conducted repeamphibiansurveys abnethird of the units in mainstem

reachesl-3 days after the initial survetq estimatedetection probabilityin some cases
we conducted repeat surveyslt0% d the unitsdue to the limitd amount of exposed
channel) Amphibians may go undetected due to surv@yexperience, cryptic behavior,
or complex habita&and thusestimate®f detection probabilt may benecessary to
permit comparison of amphibian abundance or site occupaney detectioprobability
is less than (MacKenzie et al. 20021 assignedepeat surveynits by implementing a
stratified random approach wheserveys were partitioned equallydiween SW and FW
units.Again, | recorded tim¢o-detection for all individuals detected, but | did not
capture individuals because | did not want toneasure individuals that were measured
in the initial surveyl did not conduct rpeatsurveys intibutary reacheslue tolimited

access and difficulty ahovement
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R. variegatusurveys

| did not specifically survey fdr. variegatusn the mainstem or tributary
reaches, although juveniles and adulése foundn these channels. Alternatively,
surveyed foR. variegatusn any offchannel seeps or springs thatrafund along
mainstem or tributarreachesl surveyed for both thedalt terrestrial and larval aquatic
morph because the adults are often found in the same habitats as theNdaemefound
a seepl marked a UTM location at the bottom of the seep (often the confluence with the
main or tributary channel) with a Garm@BPS. To determineR. variegatugpresencel
conducted discrete survey trials whésystematically searched each seep for a max of
10 min or stopped when the filRt variegatusvas foundl measured the same variables
recorded in th®. tenebrosuandA. truei surveys for eacR. variegatusaught.

Previousstudies orR. variegatuglid not conduct ngeatsurveys due to the
destructive nature of the surveys and assumed a high but umkietection probability
(Diller and Wallace 1996, Welsh and Lind B9®ussell et al. 20Q%Ashton et al. 2006)
Therefore] did not conducstandardizedepeatsurveys to estimate detection
probabiliies However, throughout the seasonbiservedhat mysurveymethodscaused
very little disruption to seep habitat and lwbpotentially warrant repeat survegs |
conducednonrandomrepeatsurveys at 4 seeps (Streelow = 1, Godwood = 3) during the
2017 field seasaorAt all 4 seepsl detectedR. variegatusiuring both survey occasions.
Additionally, at the end of the 2016 field seaslomotedthat4 seeps (Streelow = 3,

Godwood 1) where nB. variegatusvere foundweredry and likely could not suppoR.
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variegatus Althoughonly a small number afionrrancom repeatsurveys were conducted

the outcome suggests that detection probability was closmtthése seeps

Flow

| usedafloatmethoddescribed byobriyal et al (2017 to approximate flovat
least twicein all mainstems and tributary reach&be float methodhaslow accuracy but
is time efficient, cost effective, and is suitable for small streams with low flow (Dobriyal
et al. 2017). Additionally, the relative differemsasthe focus of comparison and
therefae high accuracy readinggerenot essential. recordedlow measurements at
locations where the channel was the most amenable to accurate recfesielgshannel
bed, uniform channel width for3 m,and flowing water sections witnough water to
float an object down without disturbancéjnarked the start and end of tiest areaand
recorded the total length (travel distante 3 m). | dropped a natural floating object into
the channel just upstream of the starting maakeirecorded the timésec) it took the
object (usually a Oxalis leaf) to reach the end marker. | repeated this at least 3 tinmkes
averaged the measuremetagiet the average travel timdéhenrecorded thehannel
width (m) atthree locationsind channeatlepth(m) at %, ¥2and % of the way across the

channel.

2017 Field Season

During the 2017 field seaspihsurveyed a third of the unitkat were surveyeuh

each mainstem and tributary reatring the 2016 field seasohused a stratified
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random approach telineateunits to be surveyedvenlybetween the SW and FW units
in the mainstem reachasdevenly among the beginning, middle and end of the tributary
reacles At each unit surveyed conducted dabitat andamphibiansurveyand|
conducted repeat surveysl&0%of the units surveyed in the mainstesachesl did
not conduct additiond. variegatusurves. | also did not conduct additional SSS
because the measurements were unlikely to change between yeeostedflow again
at roughly the same locations\ile were taken during the 2016 field season.
Additionally, | conducted a water temperature profiling survey.

Watershedemperaturerofiling

| deployed24 iButton temperature loggers throughout both watersfreds 26
July to 2 Septembéo determine if thervere differences in stream temperatuiidse
iButtonsrecorded temperatute the nearest 0.1 Gt 1-hr intervals each daecause
iButtonsare notmade to be submerged in watlewaterprooédthem by covering each
unit with 3 layers of PlastDip, andthenplacedit in 50-ml conical centrifugetubes.|
deployedoneiButton in each mainstem rea{®total)andplaced twaButtonsat the
beginning and middlef eachtributaryreach(16 total). | used wire tattach theconical
centrifugetubes to stationary objects (i.e. roots, embedded wood or large rocks) at the
bottom of deep pools (around an asimisgths in depth in the mainstesaches ane1/2
m in depth in the tributary reaches) where we expected the channel natblecome

dewatered.

Statistical Analysis
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Watershedomparisomanalysis

| comparedohysicalvariables gathered during habitat surveys and systematic
stream sample$SSS) between Streelow and Godwood. | ukedVilcoxon ranksum
testto test for differences between watersheds for most varjdig@esuse dataavenot
distributednormally. Some of the calculatedyalues were not exaalue to tiesl tested
for normality using a ShapirwVilks test for normalityand for homogeneity of variance
(HOV) usi ng .llusedCd n ddiai<6.14Y s hegligible, <0.33 = small,
<0.474 = medium, >0.474 =large)r om t he O e f f (Jarchiané20p7bc k age i
calculak effect sizesdr nonparametriparameterstTo comparenormally distributed
variables] used t htee sstt uadnred{<t0@acs hegligibles <0.5 = small, <0.8
= medium, >0.8 = largdfjom thesamed e f f padkagen & toestimateeffect ske.
Comparisons were ma@e multiple scales including at the watershed scale, between
mainstemandtributary reaches, and between paired reacDtser purely descriptive
variablessuch as flonandwater temperaturesere not comparedsing a statisticakest,
but instead summarized in tabkesd graph$or comparisonl used medians with the
IQR (interquartile range) for phical r@resentationsf non-normal dataand means
with SEor 95% confidence intervals (CI) as error bars for normal dg@koled the data
acrossyearsduring the analysifor all variables except for unit gradient and temperature,
which | only collected during one field season.

To compae substrateover, | grouped all the substrate types irftur categories
sediment (clay, fines, sand), gravel, coarse (pebble, cobble) and wood (LWD and SWD).

| averaged % overhang, channel depth, and wetted width across the 3 belts within each
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survey unit for comparisom.calcdated canopy cover at each SSS by multiplying the
sum of the cardinal direction recordings by 1.5 and then subtracting 2% to account for
error (associated error considered unimportant for comparison of relative values)
(Strickler 1959)Raw values of unigradient, stream gradient, vallgydth and valley
slope were used for comparison.

Forthe woody debris comparisonaveragd thenumber of pieces of wogd
debrisper1l kmin all size classe@voody debris typegdiameterandlength) andoby
diameter size class (1, 2, Bprreach compositiohcomparedhe proportion of each
reach type (open, subsurface, buried, and poekefdch scald.alsocalculated the
composition of FW and SW units within the open channel sections and the avagige le
of FW and SW unitd. calculatedlow using the formula & AV, where Q= stream
discharge (Volume/Time), A crosssectional area, and ¥ flow velocity. A was
calculated as the product of the average deptlaaechge width fothe float section. V
was calculated abe product othe averagéoat travel time and the length of the float
area To account for channel bed roughness | multiplied V by a roughness coefficient of
0.85 (IEI 2016). To convert tofs (ft3/sec) | multiplied Q (m3/sec) by the meersion
factor35.3147

Headwateemphibiananalysis

At each unit surveyebcalculatel therelativeindex ofabundancéor D.
tenebrosuss thenumberof individualsdetected at unfinit area (m2)I calculatedhe
number of individualss the maximum number of individudtgindat a unit(maximum

during the initial and repeat surveys of both field seasamd) calculated the area as the
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product of the unikengthand theaverageunit width. | comparedherelativeindex of
abundance between watershgdsphically (mainstem and tributary scale) avith a
Wilcoxon ranksumtest Additionally, | utilized maximumlikelihood methods to create
singlespecies, singlseason occupaneyodek to estimatesite occupancyq) and
detection probabilityr) of D. tenebrosuandA. trueias a function ohabitat
characteristicéMacKenzie et al. 2002)

Occupancy is defined as the probability that a randomly selected site or sampling
unit in an area of interest is agued by a specigdacKenzieet al. 2002. In this study,
occupancy is defined as the probability that a randomly selected sampling unit in
Streelow or Godwoos occupied byD. tenebrosusr A. truei Site occupancy db.
tenebrosugndA. trueiwasestimated using the unmarked package (friBke and
Chandler2011,2017). | assessed the goodness of fit for occupancy models using a
parametric bootstrap methedggested by Fiske and Chandler (20Lppoled
occupancy data over both field seasonsassimed closure of sites throughout the
seasosand across yearkconsidered 4 observatidavel covariates and 10 sitevel
covariates as potential covariates for detection and occupancy probabilibies of
tenebrosusr A. truei(Table 1).I fit modek with and without covariates to the data and
ranked the models according to AIC (Burnham and Ande2668). Because this was a

paired study design, all models fit with covariates included the variable Pair.ID.
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Tablel. Descriptionof covariates useith thesinglespecies, singlseason occupancy models for
D. tenebrosusindA. truei.Variables used iR. variegatugogistic regression
models are also included in the table.

Observation

-Le\{el Description gg\;l;g/tils Description
Covariates
Tmax Total time of survey (minutes, Watershed Streelowor GodwoodCreek
Obs Observer Tier Mainstem or Tributary
MOD Minute of Dayi Time survey Pair.ID Numerical value 5 given to
start calculated as minutes pairedtributary and mainstem
since0900 reaches
Year Year survey was conducted Coarse % of unit composed of substra
(2016 or 2017) type pebble or cobble.
Gravel % of unit composed of substra
type gravel
Wood % of unit composed of SWD o

LWD
Over % overhanging vegetation

Grad Gradient of unit/seep

| did not calculatdR. variegatuselativeindex ofabundanceandinstead mapped
the distribution of occupied and unoccupied seeps throughout both watelshe dot
utilize occupancy models temate occupancy fdR. variegatusecause | only
conducted single surveys at each seep. Instessumedietection prohbilities were
close to 1 andsed dogistic regressioto test the relationship betweeocupied seeps
and measured habitat variableased AICc to compare the candidate models because the
sample size was small (n/k < 40 with k = number of fitted patara in the global
model) (Symonds and Moussalli201l) ut i | i zed the function 6a
AICcmodavg t o cal cul a(Mazemllkeaz17A m&lelaveragedrusirg

the functionedomadayv @& | fCr onmahthtested theRnoqeldic k a g e
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of all top models with the Hosmé&emeshowgoodness of fit e st ( fiousnl cetm.ane s& 6
from the R packagleleétRle281@ur ceSel ecti onbd

Post hoc, | considered using a tiieedetection occupancy model (Garrard et al.
2008) that does not require repeat surveys at the same site like traditional occupancy
models Instead this approachises the timéo-detection(TTD) of a species tadl)
estimate detectability, 2) mod€TD as a function of an encounter rate parametei3and
model tke TTD/encounter rate paramefenctionas a function of covariat¢Bornand et
al. 2014) However,becaussomeunoccupiedseepsveresurveyed forless than 10 min
(short seeps with high sediment coyéQould notestimatean encounter raggarameter.
To estimate the encounter rate parameténis model surveyingall seeps for a set
amount of time or until the firgR. variegatuswas foundwvould have likely helped.

Lastly, | compared thenoutventlengths (SVL) and Body Conditidndex
(BOCI) of D. tenebrosusetween the watershedgraphically compared SVL with
density distribution plots ancbmpareBOCI residuals from aordinary least squares
regression (log(weight ) ~ log(SVL)) withvailcoxon ranksumtest.Sample sizes wer
too small in Streelowo compae size measurements and BOClroftrueibetween
watershedsbut density distribution graphs with data from both watersheds are reported

in Appendix A.
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RESULTS

During the 2016 field seasphsurveyedor headwater amphiéns ina total of
236 units with138of those units itributary reachegStreelow= 45 units Godwood=
93 unit9, and 98of theunits in mainstem reaches (Streelow3: Godwood =55)
(AppendixB.1). | conductedepeat surveyat 39(42%)of mainstenreachesDuring the
2017 field seasqn conducted repeat surveysaatotal of86 units with54 of thoseunits
in tributary reacheéStreelow= 24, Godwood= 30) and32 units in mainstem reaches
(Streelow 4.6; Godwood 46) (Appendix B.2) | condiwcted repeat surveys all 32 units

in mainstem reaches.

Watershed Habitat Variable Comparison

Valley-slope valleywidth and stream gradient

| recordedmeasurements for vallesfope at 160 locations in Streelow=170)
and Godwood (= 90). There was a positive association between distance up the
tributary reaches and gradient of the valiégpe (Figure &). The valleyslopediffered
between the watershed&/(= 1516.5p<0.003, C |delth=f-®549, 95%CI [-0.65, -
0.35]) with a consistently steeper valley slopg&&Giadwood (nedan = 26°; Streelow
medan = 21.5°) (Figure6-b). However, here was no difference in vallesjope when
comparing just mainstem reaches (Figbhi® (Streelow median = 15°; Godwood median
=20°W =75,p=0.479 C |delth $-®167 95 % CI [0.64 -0.40]), but the sample

size was small (Streelow: n s1G@odwood: n = 154 Valley-slopes were different at the
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tributary reach scalgsStreelow median 21.1°% Godwood median 26.4°%t =-7.39,p
<0.001, df = 105.11C 0 h e n 61s333d95%CI [-1.71,-0.95]).

| recordedvalley-width measurementat 163 locations in Streelow (n = 70) and
Godwood (n = 93)Contrary to valleyslope, valleywidth had a negative relationship
with the distance up the tributary reaches (Figucg.\alley-width differedbetween the
watershed$W = 2660, p = 0.04% with amedian valleywidth of 12 m in Streelow and
16 m in Godwoodbut the effecsizewa s s mal | (-CC183, 5% €I40.3d,e | t a =
0.02]). The largest differenc@asbetweerthe mainstem reachés=-5.64,p < 0.001, df
= 23.15,0=2.43P5% Gl [@.433.13])where the mean valleyidth in
Godwood (= 93.82m) was B m widerthanin Streelow(af= 40.92m) (Figure6-d).
There waso difference between tributargachegW = 1904.5p=0.1156 CIl i f f 6 s de
=-0.158, 95% C[-0.34, 0.03])), with a median vallayidth of 10 m in Streelow and 13
m in Godwood

| recorded stream gradient at 81 locations in Streelow2#) and Godwood (r
57). The mainstem reaches in both watersheds wergraglient streams that ranged

betwea 0° and 2°. The gradient was higher in tributary reaches than in mainstem reaches

but still similar between the watersheds with a range between 0 and 5.5°
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Figure6. Comparison ofvalley-slope and valleyvidth betweerStreelow(logged)and
GodwoodCreels (unlogged) Panelsa) & c) showrelationship of valley
slope/widthwith distance up tributary reach@eom where it meets mainstem)
while b) & d) median valleywidth/valley-slope & paired reach scale (mainstem
unit distance = O)Paired reaches4 are tributary reaches, and paired reséh
are mainstem reaches. Error bars = IQR.

Depth, wettednidth and unit gradient

| recorded channel depth at 353 units throughout Streelowl89)¥and
Godwood (n = 214). At all scales there was no difference in channel depth between
watersheds (W = 15916, p = -00520619) TheCl i f f 6s
median channel depth in mainstem reaches was 15.22 cm in Streelow and 1667 cm i
Godwood. In tributary reaches the median channel depth was 4.39 cm in Streelow and
4.44 cm in Godwood. The median depth of SW units was 22.67 cm in both watersheds.

The median depth of FW units was 8.56 cm in Streelow and 11.95 cm in Godwood.
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| recorded wettedvidth at 356 locations units throughout Streelow (n = 140) and
Godwood (n = 216). At the watershed scale there was no difference in-wetedW =
13378, p < 0. G06LE5 95% Cli{0RF -0.01]) btevéen Streetow
(median = 91.17 cm) and Godwood (median = 112 cm). Howekere was a difference
between the watershedsthe tributary or mainstem scales. The wettdth of
tributaries in Streelow (median = 0.62 m) was smaller than the tributaries in Godwood
(median=08 m) (W = 3469, p < 0.0001), -but the
0.316, 95% CI140.45,-0.16]). The wettedvidth in mainstem reaches of Streelow
(median = 1.85 m) was also smaller than mainstem reaches in Godwood (median = 2.48
m) (W =1565,p<0001, CIl i 0.898,95%C{0.55a0.2%]), with the median
wettedwith in Godwood 0.63 m wider than in Streelow.
| recorded unit gradient at 243 locations throughout Streelow (n = 93) and

Godwood (n = 150). The unit gradient of Streelow raifgem 0-4.15°, with the
mainstem reaches ranging frorB@25° and no obvious correlation betwegstream
portions of the tributarieandsteeper unit gradients. The unit gradient of Godwood
rangedfrom 0-9°, with most of the steeper unit gradients occurainiipe uppermost
portions of the headwaters. The gradient in the mainstem units of Godwood only range
from 0-4°. Both watersheds were low gradient with the mean unit gradients ar@ind 1

In Streelow the seep gradient ranged from 8.5° to 20° in the t@ainsaches and 6°
to 30° in the tributary reaches. In Godwood, the seep gradient ranged from 5.35° to
13.05° in the mainstem reaches and 1° to 30° in the tributary reaches. There was no

difference between the mainstem and tributary reaches within Stréetc®.832, p =
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0.471, df = 2.503895% @ {L.B2e M8&]sor Godwood (t6.968, p =
0.34, df = 2 80.262495% C{i.B1e M68]s Additiomally, there was no
difference between the mainstem reaches of Streetpwl@.8) and Godwoodaf=
8.6°) but there was a difference between the tributary reaches with steeper seep gradients
in Streelow (4= 16.9 °, Godwoodég= 10. 7A; t = 2.65, p = 0.01
0.80, 95% CI [0.13, 1.46]). Lastly, there was nifedence in gradient between occupied
and unoccupied seeps (occupied = 12.85°, unoccupied = 12.83°,t=0.01, p = 0.994, df =
42.17; Cohenods -57,958).. 002, 95% CI |

Canopy cover and % overhang (vegetation)

| recorded canopy cover at 177 locatidm®ughout the Streelow (n = 77) and
Godwood (n = 100) watersheds. The canopy cover in Streelow was high, with a median
canopy cover of 97.06%. The canopy cover was lower in Godwood (median = 88.24%) at
all scales except in one paired watershed (waterstedd: W = 1974.5, p < 0.0001,
Cliffés delta = 0.487, 95% CI [0.33, 0.62]
was small with 50% of the values between 91% and 98.5%, whereas in Godwood 50% of
the values were between 80.5% and 95%.

| recorded %overhang at 354 units throughout Streelow (n = 139) and Godwood
(n = 215). The % overhang was consistently lower in Streelow at all scales (watershed
scale: W = 9951, p-0.334,05%0C0H04b,;0.210)IwithfalDH78% d e |l t a
median overhanign Streelow and a 44.19% median overhang in Godwood. The median
% overhang in the mainstem reaches was 21.21% in Streelow and 33.67% in Godwood

(W = 1509, p < .40509%5% CI{0.56,-G.20]p In thelteblitana =



44
reaches the median pent®verhang was 39.13% in Streelow and 53.84% in Godwood
(W = 3806, p = @0.20108% CI{.40,-G.07]P Is both evatdrsaeds=

the median % overhang was higher in the tributaries than in the mainstem reaches but the

effect was small (Srel ow: W = 3504.5, p < 0.00012, CIli
0.60]; Godwood: W = 7697.5, p < 0.001, Cli
Substrateover

| surveyedoercentsubstrateoverat 354 units througho&treelow (n= 139) and
Godwood (r= 215), including surveys conducted during S®%all scales, the units
surveyed irStreelowhad highepercentsedimentover(sand and fineg)median = 2&)
than Godwoodmedian = 6.9fwatershed scal®V =2311Q p < 0.0001Cl i sfdélté=
0.547, 95%CI [0.434, 0.642) (Figure #a). Converselythepercentof coarse substrate
cover(pebble and cobblayaslower at all scales irstreelow(watershed scalé&treelow
median = 256%; Godwoodmedian = 6@, W = 4063.5,p<0.000L i f f 6s del t a =
0.728, 95%ClI [-0.80, -0.63]) (Figure #b). There was a difference percentgravelcover
at the vatershedscale(W = 17523, p = 0.006 with higherpercentgravel cover in
Streelow (median = 32.3%) than@odwood (median = 24.3%)ut the effect size was
small(Cl i f f 6 9.178 65%(C140.043 0297]) (Figure #c). Lastly,there was a
difference inpercenwood ®verbetweernwatershed$W = 20696, P < 0.000LI i f f 6 s
delta =0.385 95%CI [0.27,0.49), with higherpercentwood cover in Streelow (median

=6.9) than in Godwood (median =@igure 7d).
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Figure7. Comparison of percent substrate cover between Strékigged)and
Godwood Creek@unlogged)at the paired reach scale (Paib £ Tributaries; Pair
5 = Mainstem). Panels: a) mean % cover of sediment (clay, fines and sand), b)
mean % cover of gravel, c) mean % cover of coarse (pebbles and cobbles), and d)
mean % cover of wood (LWD and SWD) atweyed units. Error bars =+$E.
The dominanseepsubstrate types in Streelow were gravel (median cover = 33.3%)
followed by a mix of fines (median cover = 14.5%) and pebble (median cover = 14.4%)
(Figure 16). In Godwood, gravel (median = 50%) and [e=bfedian = 18.8%) were the

dominant substrate types (Figure 8). The 3 seeps that were found in the mainstem reaches

of Streelow were composed entirely of sediments and SWD.
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Figure8. Comparison of the substratever(clay, fines, sand, gravel, pebbles, cobble,
SWD and duff) of seeps between Stree{tagged)and Godwood Creek
(unlogged)

Reachcomposition

The composition of channel typéspen, subsurface, buried, and pockets
similar between mainstem reaclod$oth wateshedswith open channetomposing86%
of mainstem reaches in Streelow and 9% odwood(Figure9-a). Within the open
sections of the mainstem reacleStreelow the composition ofastwater W) and
slow-water W) was similar (FW= 48.5%, SW= 51.5%)whereas irGodwoodthe
composition of BV was13% higher (FWE 61.1%, SW= 48.5%) Additionally, the
medianlength ofFW sectionsvasshorterin Streelow (mein = 9) than inGodwood
(medan=15m; W =507 p=0.a, C |delth $-B468 95%CI [0.10, 0.6%), butSW
sections were similar in lengtBtfeelow medn= 6.2 m, IQR = 9.6GGodwoodmedan =

10,IQR=7.1W=5735p=006, CI i f f03291 95k CI[t0&1, 054)).
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Compared to the mainstem reachhbs,tributary reachdas both watersheds had
higher proportions of subsurface, buried and pockahnel typegFigure8). In
Streelow 33.8%o0f tributarychanne$ wereopen, 46.3%veresubsurface, 8.3%ere
buried and 11.6%verepocket (Figure-b). In Godwood 66.2% of tributarychannes

wereopen, 4.8% weresubsurface?.5%wereburied, andt.5%werepocket(Figure9b).

Figure9. Comparison of percent composition of each reach type (open, subsurface,

buried and pocket) in the mainstéa) and tributaies (b) of Streelow(logged)

and Godwood Creefunlogged)

| mapped the distribution and amount of subsurface, buried and peakéat
typesusing ArcGIS AppendixC). Manytributary reaches in Streelow were subsurface,
buried or pocket, with the open sections concentrated near the confluence with the
mainstem. Subsurface, buried and pocket sections can also be seen in the tributary

reaches in Godwood, but most of these reach tyeesonly evident in the uppermost

headwater reaches of the watershedvagickinterspersed with open channel.


































































































































































